Depletion of CD4
+ T cells during HIV infection eventually results in the loss of normal resistance to a wide range of pathogens and opportunistic infections. This susceptibility of patients with AIDS to microbial infections reflects the fundamental role of CD4 + T cells in host protective immunity. The main goal of antiretroviral therapy (ART) is to correct this immunodeficiency and re-establish protective immunity against opportunistic infections by bringing CD4 + T cell numbers back towards normal levels.
Paradoxically, however, some patients experience a rapid deterioration in response to ART, despite efficient control of HIV viraemia and no apparent drug toxicity. This adverse reaction to treatment is referred to as immune reconstitution inflammatory syndrome (IRIS), as it is thought to result from a pathological host response that occurs when the immune system is restored following ART. Although antiretroviral treatments have had a tremendous impact on prolonging the survival of patients infected with HIV, IRIS has emerged as a major problem in the clinical management of the HIV pandemic 1, [2] [3] [4] [5] [6] [7] , affecting up to 30% of individuals infected with HIV and receiving ART 8, 9 . Thus, new approaches to treat and prevent IRIS are greatly needed to allow the safe restoration of immunity during the treatment of AIDS.
Although little is known about the mechanisms underlying IRIS, new insights into the immunopathogenesis of the syndrome have been obtained owing to an increased interest in the clinical study of the disease and a recently developed animal model. In this Opinion article, we suggest that the uncoupling of innate and adaptive immune responses during microbial infection in the absence of CD4 + T cells sets the stage for hyperactivation of innate immune cells when antigen-specific CD4 + T cell numbers are later restored following ART. Indeed, HIV-related IRIS seems to be just one manifestation of a more general phenomenon of acute immune-mediated pathology associated with the rapid reversal of immunosuppression, and a similar process may also be involved in other examples of IRIS in individuals who are HIV negative.
Risk factors in HIV-related IRIS
Several risk factors that clearly predispose individuals infected with HIV to the development of IRIS have been established. The occurrence of microbial infections near the time of ART initiation greatly increases the risk of IRIS 10, 11 . In fact, IRIS has been associated with co-infections by a diverse array of pathogens, in particular Mycobacterium tuberculosis and Cryptococcus neoformans, and has also been associated with tumours 10, [12] [13] [14] , and the clinical manifestations of IRIS vary according to the class of microorganism and infection site of the offending opportunistic pathogen.
There is also a strong correlation between the extent of CD4 + T cell depletion and likelihood of developing IRIS, with the most lymphopenic patients (those with the lowest CD4 + T cell counts) being at the highest risk 10, 11, 15, 16 (see below). In fact, microbial infection during severe CD4 + T cell lymphopenia seems to be the key underlying immunological scenario that sets the stage for the development of IRIS.
Following suppression of HIV replication by ART administration, depletion of CD4 + T cells ceases, and these cells begin to recover. An important hypothesis proposes that the recovering CD4 + T cells are responsible for the symptoms of IRIS. Furthermore, it is believed that CD4 + T cells specific for the opportunistic infection mount dysregulated immune responses that become pathogenic. For example, within a few days to weeks after starting ART, some individuals who are infected with HIV and co-infected with M. tuberculosis rapidly develop extremely enlarged and necrotic lymph nodes
, and others develop pulmonary lesions or experience worsening of existing lesions 17 . Some studies have found that patients who are infected with HIV and develop tuberculosis-associated IRIS have a marked expansion of circulating M. tuberculosis-specific CD4 + T cells during the IRIS event compared with individuals who do not experience IRIS 18, 19 . By contrast, CD4 + T cells specific for HIV or irrelevant pathogens not associated with IRIS in these patients (for example, cytomegalovirus) do not undergo acute expansion. However, other studies of tuberculosis-associated IRIS have failed to find a clear association between IRIS and a burst of M. tuberculosisspecific CD4 + T cells 20 . Therefore, the Abstract | Some individuals who are infected with HIV rapidly deteriorate shortly after starting antiretroviral therapy, despite effective viral suppression. This reaction, referred to as immune reconstitution inflammatory syndrome (IRIS), is characterized by tissue-destructive inflammation and arises as CD4 + T cells re-emerge. It has been proposed that IRIS is caused by a dysregulation of the expanding population of CD4 + T cells specific for a co-infecting opportunistic pathogen. Here, we argue that IRIS instead results from hyper-responsiveness of the innate immune system to T cell help, a mechanism that may be shared by the many manifestations of IRIS that occur following the reversal of other types of immunosuppression in pathogen-infected hosts.
PERSPECTIVES
available clinical data are inconclusive about whether CD4 + T cells specific for the opportunistic pathogen become dysregulated in patients with IRIS or even whether they are involved in the pathogenesis at all.
Insights from animal models One of the first examples of IRIS was observed during the study of immunity to Pneumocystis carinii in mice. In the course of examining the cell types involved in host control of P. carinii, it was found that severe combined immunodeficient (scid) mice harbouring a chronic P. carinii infection develop a lethal hyperinflammatory response in their lungs ~1 month following infusion of wildtype bone marrow 21 . Soon after, it was found that CD4 + T cells are the key mediators of this response 22, 23 . Although it was not appreciated at the time, the disease in these mice can now be viewed as a form of IRIS, similar to that observed in individuals infected with HIV 24, 25 . Indeed, the P. carinii-infected scid mice mimic a T cell-depleted patient who is infected with HIV and harbours an opportunistic infection, and the transfer of CD4 Interestingly, at the same time as these early mouse studies, it was found that patients with AIDS who are infected with mycobacterium and develop a paradoxical worsening of disease following ART with zidovudine display evidence of strong cellular immunity (measured as delayed-type hypersensitivity responses) against a purified mycobacterial protein derivative 26 . This first suggested that the deterioration of these patients despite effective antiviral therapy was, in fact, due to the restoration of cellular immunity 26 . A model designed to study mycobacterium-associated IRIS has been developed recently using Mycobacterium aviuminfected mice 27 (FIG. 1 This mouse model has provided important insights into the mechanism of IRIS development. For example, the mouse model has allowed us to test whether interferon-γ (IFNγ) secreted by CD4 + T cells plays a part in IRIS pathology. Correlative clinical studies show a link between IRIS development and increased levels of IFNγ, so it has been hypothesized that this cytokine, which is required to control mycobacterial infections, has a major pathogenic role during IRIS 18, 19, 28, 29 . However, some individuals who do not develop IRIS have similarly increased levels of IFNγ following ART 20, 30 , indicating that overproduction of IFNγ is not sufficient to drive IRIS. Therefore, it is not possible to definitively demonstrate a mechanistic link between IFNγ-producing CD4 + T cells and IRIS on the basis of these correlative clinical studies. However, in the mouse model of M. avium-associated IRIS, Ifng -/-CD4 + T cells show a greatly reduced ability to induce wasting and mortality 27 , indicating that IFNγ is a major mediator of illness in this system. Importantly, a detailed analysis suggests that the level of IFNγ produced by antigen-specific CD4 + T cells does not correlate with disease severity, highlighting the importance of using complimentary experimental models to investigate the mechanisms of human IRIS.
In summary, the mouse P. carinii and M. avium models of IRIS have yielded several important insights about the underlying mechanisms of this disease. First, CD4 + T cell reconstitution itself is sufficient to drive IRIS in susceptible hosts. Second, during mycobacterium-related IRIS, IFNγ is an important mediator of immunopathology. Third, HIV infection is not required to trigger immune reconstitution disease. Last, and most important, susceptibility to IRIS develops in the context of chronic microbial infection and CD4 + T cell deficiency (FIG. 1) .
Role of lymphopenia in HIV-related IRIS
The role of lymphopenia in promoting the development IRIS is not well understood.
One possibility is that the lymphopenic environment alters the function of CD4 + T cells, making them more pathogenic 31 .
When CD4
+ T cells are introduced into a T cell-deficient host in the absence of cognate antigen, the cells become spontaneously activated to divide and also gain increased cytokine-producing potential 32 . Furthermore, antigen-driven CD4 + T cell responses are also dysregulated in lymphopenic environments. Tumour-specific tolerance 33 and peripheral self-tolerance 34 , for example, can be overcome in lymphopenic environments.
Increased interleukin-7 (IL-7) signalling in T cells owing to the lack of competition for this cytokine has an important role in driving homeostatic proliferation of T cells in lymphopenia 35, 36 , and it has recently been shown that patients who are infected with HIV and develop IRIS have elevated levels of IL-7 in their serum compared with patients who are infected with HIV but do not experience IRIS 29 . On the basis of this association between high IL-7 levels and susceptibility to IRIS, it can be hypothesized that T cells receive increased homeostatic signals in the form of IL-7 in patients with IRIS, and that this in turn promotes exaggerated T cell responses. However, increased IL-7 signalling in lymphopenic hosts drives only slow T cell proliferation rates and is not required for rapid, antigendriven T cell expansion 37 . In M. aviuminfected TCRαKO mice, IRIS development requires antigen recognition by T cells 27 , and by extension it is likely that the T celldriven pathology in patients with IRIS also requires antigen-driven CD4 + T cell 27 . Using this system, it was found that M. avium-infected T cell receptor (TCR)-transgenic mice with a monoclonal T cell repertoire specific for an irrelevant antigen (OT-II TCR trangenics recognizing chicken ovalbumin) display severe reconstitution disease when injected with CD4 + T cells specific for M. avium. As OT-II mice contain CD4 + T cells but cannot mount normal bacterium-specific T cell responses, the lack of antigen-specific CD4 + T cells preceding T cell transfer, and not the lymphopenic environment itself, must be responsible for IRIS susceptibility in this system. By contrast, TCR-transgenic mice that contain only T cells specific for M. avium do not develop IRIS, which indicates that the presence of bacteriumspecific CD4 + T cell responses during infection is sufficient to prevent susceptibility to IRIS. Therefore, it seems that lymphopenic mice become susceptible to IRIS after M. avium infection because they cannot mount bacterium-specific CD4 + T cell responses during the infection. Given that CD4 + T cells are central orchestrators of the inflammatory response to mycobacterial infection, this has led to the more specific hypothesis that infection-associated IRIS is a consequence of the recovery from immunosuppression, not simply the repopulation of the lymphopenic environment.
Immunosuppression in other forms of IRIS Paradoxical exacerbations of disease following withdrawal of immunosuppression have also been reported in patients who are negative for HIV. These clinical examples of IRIS that occur following withdrawal of various anti-inflammatory treatments may provide insights into the mechanisms underlying the development of HIV-associated IRIS.
IRIS following withdrawal of TNF blockade.
Similarly to individuals infected with HIV, patients with rheumatoid arthritis and Crohn's disease who receive tumour necrosis factor (TNF)-blocking therapies become highly susceptible to M. tuberculosis 38 . When a patient receiving TNF blockade develops an M. tuberculosis infection, the clinical response is to begin antibiotic treatment and immediately stop TNF blockade. In some individuals, this halting of the blockade and the subsequent rapid restoration of TNF signalling results in acute exacerbation of tuberculosis (for example, the development of new lung cavities and lymph adenopathies) rather than resolution [39] [40] [41] [42] [43] [44] [45] . The development of this form of tuberculosis-associated IRIS parallels the development of that which occurs in individuals infected with HIV, except that in this setting the immuno suppression is TNF blockade rather than CD4 + T cell depletion. Nonetheless, following either HIV infection or TNF blockade, the resulting immunodeficiency leads to the outgrowth of M. tuberculosis in a poorly inflamed environment, and the reversal of immunosuppression results in exaggerated responses.
The susceptibility of patients to IRIS following withdrawal of TNF blockade may provide insights into the general phenomenon of reconstitution disease. First, the fact that these patients being treated for autoimmunity are HIV negative highlights the fact that HIV infection itself is probably not required for IRIS development. Second, the existence of IRIS in T cell-replete hosts further argues against the hypothesis discussed above -that IRIS stems from the development of dysregulated CD4 + T cell responses in lymphopenic environments. Last, this clinical scenario directly demonstrates that TNF can be an important mediator of IRIS. It is interesting that susceptibility to IRIS in this setting depends on the absence of TNF signalling in the first place (that is, in the context of M. tuberculosis infection, sensitivity to TNF-induced pathology arises when TNF is initially absent).
IRIS following withdrawal of natalizumab.
Another form of reconstitution disease in the absence of HIV infection occurs when patients with multiple sclerosis are treated with natalizumab, an α4 integrin-blocking therapy that prevents lymphocyte migration into the central nervous system (CNS) without depleting T cells. In some patients with multiple sclerosis, natalizumab administration leads to progressive multifocal leuko encephalopathy (PML) caused by reactivation of JC polyoma virus within 
Immune reconstitution inflammatory syndrome (IRIS) can be experimentally induced in T cell-deficient mice harbouring a chronic Mycobacterium avium infection by injecting purified CD4
+ T cells into the mice. Importantly, IRIS does not occur in wild-type mice infected before or after CD4 + T cell transfer. Furthermore, no IRIS-related symptoms are observed in T cell-deficient mice when T cells are transferred before or soon after the time of infection. IRIS occurs only after transfer of CD4 + T cells into lymphopenic mice that were infected with M. avium several months previously. the brain. When this occurs, natalizumab is discontinued, and multiple rounds of plasma exchange are often used to hasten the removal of the drug 46 . The goal is to quickly reverse the defect in lymphocyte migration that has led to the inability to control the JC polyoma virus infection. In some patients, however, the rapid restoration of normal lymphocyte homing to the virusinfected CNS leads to a life-threatening exacerbation of symptoms [47] [48] [49] [50] [51] [52] . These clinical observations reveal that even a localized defect in tissue inflammation can lead to IRIS-like disease when normal cell trafficking is restored.
IRIS in transplant recipients. Although it is rare, IRIS has also been reported in kidney and liver transplant recipients 53 . In these patients, the pharmacological regimen that is administered to prevent graft rejection leads to susceptibility to C. neoformans infection, and withdrawal of the immunosuppressive drugs leads to a sudden exacerbation of symptoms associated with immune responses against the fungus [54] [55] [56] [57] [58] . Thus, despite the tremendous diversity in clinical histories leading to IRIS, there seems to be an underlying immunological scenario shared by these different forms of reconstitution disease.
Common factors in different forms of IRIS.
One aspect common to all of the different forms of IRIS is that immune responses which are normally involved in host protection become pathogenic. For example, CD4 + T cells are required to control mycobacterial and cryptococcal infections but are likely to be central mediators of IRIS in patients co-infected with HIV. In mice, CD4 + T cells are required for optimal control of both M. avium and P. carinii, but in each case CD4 + T cell transfer into infected T celldeficient mice is sufficient to induce IRIS. The reconstitution syndromes associated with antibody blockade are similar in this respect: TNF is required to control M. tuberculosis, but the restoration of TNF signalling leads to IRIS; and lymphocyte migration into the site of infection is required to control JC polyoma virus, but restoring T cell migration by removing natalizumab leads to PML-associated IRIS. In each case, the loss of some form of immune response leads to the inability to tolerate that response later. An understanding of why this intolerance occurs may explain why immune responses that are beneficial for the host under normal circumstances are pathogenic during IRIS.
There are informative similarities between the series of events leading to the development of HIV-associated IRIS, the mouse model of IRIS and the reconstitution syndromes described above (TABLE 1) . In all of these settings, there is some initial form of infection-associated or iatrogenic immunosuppression: CD4 + T cell depletion during HIV infection, loss of TNF during blockade treatment, inhibition of lymphocyte homing during natalizumab therapy, or a genetic deficiency in T cells in TCRαKO mice. The immune deficiency leads to persistent infection by an opportunistic pathogen and high antigen loads, with the offending micro organism and infection site varying according to the particular immune defect. This results in a unique immunological environment in which there is extensive microbial infection but an incomplete pro-inflammatory response. From the clinical perspective, it is important to restore normal immunity, so ART is administered to suppress HIV replication or the relevant immunosuppressive therapy is stopped; in experimentally induced IRIS, this is recapitulated by injecting CD4 + T cells into the infected TCRαKO mice. The ensuing pathology then manifests when immunological competence is restored.
This parallel series of events that occurs before many forms of infection-associated IRIS may be central to the development of dysregulated inflammatory responses. We suggest that high microbial load in the absence of normal inflammation sets the stage for a pathological overshoot when the full inflammatory response is allowed to proceed (TABLE 1) . The fact that IRIS is preceded by high infectious loads and low levels of inflammation is directly supported by the observation that individuals who are infected with HIV and develop crypto coccal meningitis as a result of IRIS have high crypto coccal antigenic loads before they begin ART treatment and also very low levels of many inflammatory biomarkers in their cerebrospinal fluid 59, 60 . 
Proposed mechanism of IRIS based on experimentally induced IRIS.
Macrophages require two signals to become fully activated: the first comes from the recognition of microorganisms through pattern recognition receptors, and the second comes from CD4 + T cell help. It has been shown that during influenza infection 61 and M. tuberculosis infection 62 , for example, CD4 + T cell depletion results in a marked decrease in the activation of the innate immune system. Here, we suggest a model of IRIS development, based on the mouse studies of M. aviumassociated IRIS, that focuses on the role of CD4 + T cells in driving the activation of myeloid cells. Importantly, this hypothesis attempts to explain how immune responses that occur during recovery from a period of lymphopenia lead to pathology, whereas immune responses to the same infection in a fully immunocompetent host do not (FIG. 2) .
In a T cell-replete host, microbial recognition by cells of the innate immune system is rapidly followed by the induction of an adaptive CD4 + T cell response that drives full activation of the infected myeloid cells (FIG. 2a) . In the setting of T cell deficiency, however, the innate and adaptive immune responses are temporally uncoupled from each other. In a TCRαKO mouse, the M. avium infection progresses in the absence of an adaptive immune response, and after several months there are large numbers of primed macrophages that carry a high bacterial load but have not received CD4 + T cell help to become fully activated (FIG. 2b) .
We hypothesize that M. avium-associated IRIS in this mouse model results when antigen-specific CD4 + T cells are reintroduced and suddenly drive fulminant activation of mycobacterium-primed macrophages in the lungs and many other tissues of the host. This leads to a sudden spike in inflammation and tissue damage that outpaces host repair mechanisms and is responsible for the pathology (FIG. 2c) . Importantly, this model provides a general mechanistic link between HIV-associated IRIS and other forms of IRIS. In each setting of reconstitution disease, some form of immunosuppression may result in the accumulation of microorganism-primed myeloid cells that then undergo full activation when immune function is restored.
Clinical evidence of dysregulated innate immune responses in HIV-related IRIS.
Recent findings have shown that patients with IRIS may have increased innate immune activation, providing support for the proposed model. One study looking at patients co-infected with HIV and M. tuberculosis demonstrated that, 2 weeks after starting ART, peripheral blood mononuclear + T cells, after which macro phages become fully activated and produce high levels of proinflammatory mediators such as tumour necrosis factor (TNF) and interleukin-6 (IL-6). Following bacterial infection of a host with a normal immune system, macro phages take up bacteria and quickly encounter effector CD4 + T cells, resulting in containment of the pathogen. b | On infection of a T cell-deficient host, infected myeloid cells become primed by microbial products but never become fully activated to exert their pro-inflammatory effector functions. As the uncontrolled infection progresses, this can result in disease owing to high levels of pathogen replication. However, over time, as increasing numbers of primed macrophages accumulate in the tissues of the host, this also creates a state of immunological hyperresponsiveness to CD4 + T cell help. When the immunosuppression is removed and antigen-specific CD4 + T cells rapidly reconstitute the infected lymphopenic host, they create a burst of IFNγ-mediated T cell help, and large numbers of primed macro phages now become fully activated en masse. This results in an acute spike in the production of proinflammatory mediators, which drives immunopathology during immune reconstitution inflammatory syndrome (IRIS). c | The acute inflammatory response that causes IRIS would normally not be encountered in a T cellreplete host, and thus the rapid kinetics of this activation process may be an important factor driving disease.
cells from those patients who did go on to develop IRIS produced increased levels of the pro-inflammatory cytokines IL-1, IL-6, IL-8 and TNF in vitro after stimulation with heat-killed M. tuberculosis 63 . Moreover, several recent reports showed that IL-6 and TNF levels are increased in the serum of patients with IRIS 63, 64 . Another study of tuberculosis-associated IRIS in individuals infected with HIV found that whole-blood cultures from patients with IRIS spontaneously (that is, without any sort of in vitro stimulation) produced increased levels of innate immune cell-derived cytokines and chemokines 65 . Perhaps the most striking observations supporting a role for dysregulated myeloid responses in the development of IRIS come from a post-mortem immunohistological examination of lung tissue obtained from a patient who succumbed to lung failure during tuberculosis-associated IRIS. It was found that the lung tissue contained very few T cells and natural killer cells but had an overwhelming number of CD68 + myeloid cells within the parenchymal and alveolar spaces 66 . Taken together, the evidence described above supports the notion that susceptibility to IRIS is associated with heightened activation of the myeloid compartment.
Lessons for treatment of HIV-related IRIS
The proposed mechanism of IRIS described above has important implications for the management of this inflammatory disorder in individuals infected with HIV. In the case of mycobacterial and other co-infections, a common approach has been to initiate treatment of the opportunistic infection before administering ART. This strategy reduces the microbial burden present at the time of ARTdriven T cell reconstitution, thereby decreasing the risk of IRIS 67 . However, it was found that delaying ART may result in increased overall mortality from AIDS 1, 2, 4, 6, 7 , and for this reason it is currently recommended that ART is administered shortly after the diagnosis has been confirmed and antimicrobial chemotherapy has been initiated in patients with severe lymphopenia 68 .
Although it is expected that the implementation of these guidelines will decrease overall AIDS mortality, their widespread deployment can also be expected to result in increased incidence of IRIS. This may be particularly true for severely lymphopenic individuals 6 or patients with disseminated or CNS diseases 69 . Currently, corticosteroids are the main therapeutic option for managing IRIS events in individuals infected with HIV 70 . Because corticosteroids are non specific and present a risk of severe side effects, and so their use in immunocompromised individuals is counter-intuitive, alternative therapeutic approaches that more specifically target the pathways underlying IRIS are needed.
The new data implicating innate inflammatory pathways in IRIS pathology may lead to novel strategies for treating IRIS. However, they also introduce additional therapeutic challenges. The host factors upstream of IRIS pathology that have been identified so far are themselves essential mediators of host immunity, and their suppression is probably responsible for susceptibility to the opportunistic infection in the first place. Therefore, the immune interventions chosen to treat IRIS should specifically target downstream pro-inflammatory mediators (for example, cytokines and chemokines) that are not crucial for host control of the associated opportunistic infection but that do directly contribute to the pathology of IRIS.
Innate and adaptive immune responses have evolved to act in concert with each other. The uncoupling of these responses that occurs during microbial co-infection of individuals who are already infected with HIV and are depleted for CD4 + T cells predisposes these individuals for a pathological overshoot of myeloid cell function when T cell help rapidly reappears after initiation of ART. The use of experimental mouse systems to study the myeloid responses to infections in the presence or absence of CD4 + T cells will provide further insights into the basic immunological mechanisms underlying IRIS. Although nonhuman primate models of IRIS (macaques co-infected with M. tuberculosis and simian immunodeficiency virus) are currently unavailable, such models will also be useful, as they may more closely resemble the human syndrome. A detailed understanding of the inflammatory mechanisms responsible for IRIS will provide a rationale for safely restoring immunity in individuals infected with HIV and will facilitate clinical management of the HIV pandemic.
